A spacetime with torsion produced by a Kalb-Ramond field coupled gravitationally to the Maxwell field, in accordance with a recent proposal by two of us (PM and SS), is argued to lead to optical activity in synchrotron radiation from cosmologically distant radio sources. We show that this indicates a very small, but possibly observable rotation of the plane of polarization of the radiation, above and beyond the Faraday rotation due to magnetized galactic plasma. Implications for heterotic string theory are outlined.
Introduction
The massless antisymmetric tensor Kalb-Ramond (KR) field has been an inherent aspect of supergravity theories. Indeed, the tensor multiplet in N = 1 theories has interesting duality properties that are exploited in its coupling to supergravity [1] . In extended supergravity, the KR field becomes a part of the supergravity multiplet itself, thus playing a more intrinsic role. The importance of the KR field in supergravity theories in various spacetime dimensions has been emphasized more than ever in string theories [2] . Supergravity multiplets constitute the massless sector of string theories. As such, they inevitably contain massless KR fields. Such fields have an important property in that they enable one to implement a spacetime background for string theory possessing torsion in addition to curvature.
One aspect which particularly deserves attention in this respect is that of cosmology in the presence of torsion, or, equivalently, in the presence of a KR field. Indeed, the cosmological domain is the most likely arena for physical "stringy" effects to appear. Since sources of torsion exist in the massless spectra of most viable string theories (in the form of the KR field), at least in the perturbative sector, cosmological models with non-zero torsion are of substantial interest. Restricting one's attention to EinsteinCartan spacetimes, the issue of gauge invariant coupling to standard massless gauge fields arises. In this paper, we examine the consequences of the resulting dynamics, to discern effects that could, even if remotely, be astrophysically/cosmologically observable. The possibility that a KR field may induce a rotation of the plane of polarization of electromagnetic synchrotron radiation from cosmologically distant sources, was already alluded to in [4] . Now, it is well known that galactic synchrotron radiation frequently exhibits an optical activity in that the plane of polarization undergoes a rotation during propagation, through an angle proportional to λ 2 (where λ is the wavelength). This is the phenomenon of Faraday rotation that occurs during propagation of electromagnetic waves through a magnetized medium like the galactic magnetized plasma. The constant of proportionality, called the Faraday rotation measure is a function of the galactic (or inter-galactic) magnetic field, the density of the medium and so on.
The key aim of the present paper is to argue that Einstein-Kalb-Ramond-Maxwell coupling leads to an additional rotation of the polarization plane, which is independent of wavelength, and hence an effect beyond the well-studied Faraday rotation. Furthermore, this rotation is universal in that it is independent of galactic parameters like magnetic field, density of the plasma etc. One expects the angle of rotation to be non-negligible only for galaxies of large (i.e. > 2.0) redshift, so that one is tempted to attribute a truly cosmological origin to this effect.
A remark on our basic strategy is perhaps in order: in the sequel, we treat the KR field as a tiny perturbation on the Maxwell field equations in a standard cosmological background. In other words, despite the assumed "primordial" origin of the KR field, we restrict its strength to such small values that its energy density plays an insignificant role in shaping geometry on a cosmological scale. Put differently, we assume that the KR field has stabilized with respect to the cosmic (matter or radiation) fluid long before photon-dust decoupling. There can exist in principle however a cosmic KR background field which has not disappeared entirely, and it is this which purportedly leads to the "universal" optical activity alluded to earlier. Clearly, one expects this to influence the polarization anisotropy of the cosmic microwave background radiation (CMBR) as well, the details of which we hope to report elsewhere.
For the spacetime background, we choose the spatially flat Friedmann-Robertson-Walker background with the scale factor depending only on (conformal) time, evolving according to both a radiation dominated and a matter dominated scenario. The optical activity appears to persist in both cases. This paper is organized as follows: in Sect. 2, we review the important aspects of the earlier paper [4] as background for the present work. This is followed in Sect. 3 by a presentation of the solution of Maxwell-KR field equations in a flat background spacetime and retaining only the leading order coupling of the two fields. The first hint of optical activity already appears at this preliminary, albeit cosmologically unphysical stage. Section 4 constitutes the main part of the work, where, in a spatially flat FRW background, the Maxwell-KR equations are considered for conformal factors pertaining to the radiation and matter dominated scenarios. An expression for the angle of rotation of the plane of polarization is obtained, in the large η (conformal time) dependence on redshift. Section 5 summarizes our conclusions.
Einstein-Maxwell-Kalb-Ramond coupling
Let us briefly recapitulate the main tenets of the earlier paper [4] . It is well known that the electromagnetic field tensor, defined as the generally covariant curl of the four potential, is not invariant under the standard U (1) electromagnetic gauge transformation δA µ = ∂ µ ω, assuming that the torsion tensor T ρ µν -a purely geometric quantity like curvature -must be gauge invariant. Therefore the "minimal coupling prescription" is not tenable in this situation. Thus, the standard definition of the field tensor, viz.,
is retained, and all covariant derivatives in the sequel are defined using the Christoffel connection. However, this does not lead to any coupling of the Maxwell field to the torsion. To that effect, we introduce a Kalb-Ramond (KR) antisymmetric second rank tensor field B µν as a possible source of torsion. The KR field strength is modified by U (1) Chern-Simons terms which originate from the quantum consistency of an underlying string theory [2] . This augmented field is coupled to the torsion in a way that the resulting action preserves all gauge symmetries and has the form
where R is the scalar curvature, defined by R = R αµβν g αβ g µν . R αµβν is the Riemann-Christoffel tensor:
The torsion tensor T µνλ is an auxiliary field in (1), obeying the constraint equation
. Thus, the augmented KR field strength three tensor plays the role of the spin angular momentum density which is the source of torsion [5] . Substituting the above equation in (1) and varying with respect to B µν and A µ respectively, we obtain the equations D µH µνλ = 0 (4) and
Now, the KR three tensor is Hodge dual to the derivative of a spinless field φ, so that, after a partial integration, one obtains
where
by the Maxwell-Bianchi identity, where D S is the covariant derivative using the Christoffel connection.
In general, in addition to the graviton and the KR field, the perturbative sector of the heterotic string contains a scalar dilaton field whose dynamics is also known to have cosmological consequences [6] . In this paper, we shall however ignore this dynamics for the moment and focus instead on what the KR field does. In any event, the dilaton field couples to the Maxwell Lagrangian and the kinetic term of the KR field, and so cannot affect in any major way the optical activity induced by the axion (KR) field; the latter effects appear due to the fact that F * F is pseudoscalar. Freezing the dilaton field and taking the KR field strength to be 
